The Jackson Laboratory

The Mouseion at the JAXlibrary
Faculty Research 2019

Faculty Research

8-26-2019

A first genetic portrait of synaptonemal complex
variation.
Richard J Wang
Beth L Dumont
The Jackson Laboratory, beth.dumont@jax.org

Peicheng Jing
Bret A Payseur

Follow this and additional works at: https://mouseion.jax.org/stfb2019
Part of the Life Sciences Commons, and the Medicine and Health Sciences Commons
Recommended Citation
Wang, Richard J; Dumont, Beth L; Jing, Peicheng; and Payseur, Bret A, "A first genetic portrait of synaptonemal complex variation."
(2019). Faculty Research 2019. 202.
https://mouseion.jax.org/stfb2019/202

This Article is brought to you for free and open access by the Faculty Research at The Mouseion at the JAXlibrary. It has been accepted for inclusion in
Faculty Research 2019 by an authorized administrator of The Mouseion at the JAXlibrary. For more information, please contact ann.jordan@jax.org.

RESEARCH ARTICLE

A first genetic portrait of synaptonemal
complex variation
Richard J. Wang ID1,2*, Beth L. Dumont ID1,3, Peicheng Jing ID1, Bret A. Payseur ID1*
1 Laboratory of Genetics, University of Wisconsin-Madison, Madison, WI, United States of America,
2 Department of Biology, Indiana University, Bloomington, IN, United States of America, 3 The Jackson
Laboratory, Bar Harbor, ME, United States of America
* rjwang@indiana.edu (RJW); bret.payseur@wisc.edu (BAP)

a1111111111
a1111111111
a1111111111
a1111111111
a1111111111

OPEN ACCESS
Citation: Wang RJ, Dumont BL, Jing P, Payseur
BA (2019) A first genetic portrait of synaptonemal
complex variation. PLoS Genet 15(8): e1008337.
https://doi.org/10.1371/journal.pgen.1008337
Editor: Francesca Cole, The University of Texas MD
Anderson Cancer Center, UNITED STATES
Received: March 11, 2019
Accepted: July 31, 2019
Published: August 26, 2019
Copyright: © 2019 Wang et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.
Data Availability Statement: Genotype and
phenotype data, a full list of candidate genes, and
the code used for image analysis are available from
the figshare repository (doi:10.6084/m9.figshare.
7822232).
Funding: Funding for this research was provided
by NIH grants GM120051 and GM100426 to BAP,
fellowships to RJW and BLD from NIH training
grant T32 GM007133, a fellowship to RJW from
NIH training grant NLM 5T15LM007359T15, and a
fellowship to RJW from the UW Science and
Medicine Graduate Research Scholars program.
The funders had no role in study design, data

Abstract
The synaptonemal complex (SC) is a proteinaceous scaffold required for synapsis and
recombination between homologous chromosomes during meiosis. Although the SC has
been linked to differences in genome-wide crossover rates, the genetic basis of standing
variation in SC structure remains unknown. To investigate the possibility that recombination
evolves through changes to the SC, we characterized the genetic architecture of SC divergence on two evolutionary timescales. Applying a novel digital image analysis technique to
spermatocyte spreads, we measured total SC length in 9,532 spermatocytes from recombinant offspring of wild-derived mouse strains with differences in this fundamental meiotic
trait. Using this large dataset, we identified the first known genomic regions involved in the
evolution of SC length. Distinct loci affect total SC length divergence between and within
subspecies, with the X chromosome contributing to both. Joint genetic analysis of MLH1
foci—immunofluorescent markers of crossovers—from the same spermatocytes revealed
that two of the identified loci also confer differences in the genome-wide recombination rate.
Causal mediation analysis suggested that one pleiotropic locus acts early in meiosis to designate crossovers prior to SC assembly, whereas a second locus primarily shapes crossover number through its effect on SC length. One genomic interval shapes the relationship
between SC length and recombination rate, likely modulating the strength of crossover interference. Our findings pinpoint SC formation as a key step in the evolution of recombination
and demonstrate the power of genetic mapping on standing variation in the context of the
recombination pathway.

Author summary
During the first stages of meiosis, the chromosome axes are organized along a protein
scaffold in preparation for recombination and their subsequent segregation. This scaffold,
known as the synaptonemal complex (SC), is critical for the regular progression of recombination. A complex relationship exists between the organization of the SC, the frequency
of recombination, and the likelihood of improper chromosome segregation. In this study,
we investigate the genetics of synaptonemal complex variation in the house mouse and
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connect it with variation in the rate of recombination. We found five loci and several compelling candidate genes responsible for the evolution of synaptonemal complex length
within and between mouse subspecies. Several of these loci also affect recombination rate,
and our joint analyses of the phenotypes suggest an order by which their effects manifest
within the recombination pathway. Our results show that evolution of SC length is crucial
to recombination rate divergence. Our work here also demonstrates that genetic analysis
of additional meiotic phenotypes can help explain the evolution of recombination, a fundamental evolutionary force.

Introduction
In most species that reproduce sexually, homologous chromosomes must undergo recombination to segregate properly during meiosis [1–4]. Recombination diversifies offspring genomes,
shaping evolution and genomic patterns of variation in populations [5–7]. Despite these functional roles for recombination, its frequency varies markedly—on both an evolutionary scale
(within and between species), and across genomic scales (ranging from kilobases to chromosomes) [8–12]. This variation has implications for human health: too few or too many crossovers can lead to infertility, miscarriage, or birth defects [3,13,14].
Significant progress on two fronts is laying the foundation for discovering mechanisms
responsible for recombination rate differences between individuals. First, work with genetic
model organisms is revealing in increasing detail the molecular and cellular processes that lead
to crossovers [15–18]. Second, genes and genomic regions that confer standing differences in
recombination rate among individuals are being identified through association or linkage
mapping [19–32].
Heritable variation in recombination rate is caused by mutations affecting one or more of
the steps in the recombination pathway that culminate in crossover formation. Consequently,
genetic dissection of inter-individual differences in these formative processes should be especially revealing about how recombination rate evolves. A promising intermediate phenotype
to target for such investigations is chromosome synapsis. Synapsis between homologous chromosomes is mediated by the synaptonemal complex (SC), a meiosis-specific supra-molecular
protein structure [33,34]. Synapsis and the SC are intimately linked to crossovers. Formation
of the SC begins at sites of programmed double-strand breaks (DSBs) early in meiosis [35–37].
In several species, these DSB sites have been shown to mediate the homology search that precedes chromosome pairing; as meiosis progresses, a small subset of DSBs are repaired as crossovers [18,38,39]. During synapsis, the DNA in each chromosome is organized into an array of
loops with the SC serving as the central axis that maintains the tight alignment among homologs [40,41]. Mutations that affect SC structure distort recombination patterns, in addition to
chromosome pairing and segregation [42–47].
The length of the SC axis is a quantitative characteristic of synapsis that is strongly associated with recombination rate. Variation in SC length reflects differences in the degree of chromatin compaction and interaction between homologs [48–50]. Environmental factors,
including temperature, can simultaneously alter SC length and the frequency of recombination
[51,52]. In humans, both SC length and crossover number are higher in oocytes than in spermatocytes [53,54]. More broadly, SC length and recombination rate are correlated across multiple mammalian species [55–57], suggesting that variation in SC length and variation in
crossover number share a common genetic basis. While the SC has been studied from a mechanistic perspective [33,34,50], the genetic basis of standing variation in this fundamental meiotic phenotype remains unknown.
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Fig 1. Cross design. Diagram of the intercross design using wild-derived strains (a) between subspecies of M. m. musculus and M. m. castaneus, represented by castCAST
and muscPWD, and (b) within subspecies of M. m. domesticus, represented by domGI and domWSB. F2s in both crosses are a mix from reciprocal cross directions. The
abbreviations for each strain in bold are used throughout.
https://doi.org/10.1371/journal.pgen.1008337.g001

To fill this notable gap, we combined a novel high-throughput digital image analysis technique and immunofluorescent cytology with the power of complex trait mapping. Genetic
dissection of SC length variation in thousands of spermatocytes taken from two mouse intercrosses reveals genomic regions responsible for the evolution of SC structure. These two intercrosses (Fig 1) represent divergence on two different timescales: one between lines diverged by
over 300,000 years [58], referred to here as a cross between subspecies, and one between lines
that diverged much more recently [59], referred to here as a cross within subspecies. By combining the genetic analysis of SC length and crossover number in individuals from the same
dataset, we uncover important evolutionary and genetic connections, including evidence for a
common genetic mechanism underlying variation in these two meiotic traits.

Results
The SC is composed of two lateral elements, a central element, and the transverse filaments
that connect them [4,60–62]. At the pachytene stage of meiosis, SC assembly is complete and
chromosomes undergo homologous recombination. We used immunofluorescent microscopy
to visualize spermatocytes stained with antibodies to SYCP3—a component of the lateral element of the SC—to identify pachytene cells and to measure SC axis length. We calculated a
total SC length for individual spermatocytes by summing the axis lengths from each of their 19
autosomes, plus the entirety of the X and Y chromosome axes. The mean of this total length
across spermatocytes from each individual was treated as a trait value for genetic mapping in
two separate intercrosses between wild-derived strains of house mice (Fig 1): (1) PWD strain
(subspecies M. m. musculus; subsequently referred to as muscPWD) x CAST strain (subspecies
M. m. castaneus; castCAST), and (2) Gough Island strain (subspecies M. m. domesticus; domGI)
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x WSB strain (subspecies M. m. domesticus; domWSB). These strains were chosen to capture
genetic variation between and within subspecies, and to examine SC length in crosses for
which we had already characterized the genetics of genome-wide recombination rate. To
jointly map loci that affect SC length and recombination rate, we combined newly generated
SC length data with counts of MLH1 foci (immunofluorescent markers of crossovers) from
the same mice reported in [25] and [63].

Digital image analysis reliably measures SC lengths
To characterize the SC in 9,532 spermatocyte images, we developed a digital image analysis
algorithm that automatically estimates total SC length. The algorithm uses image processing
techniques to transform each image into a single-pixel-wide wireframe representation. SC
length is then determined by counting the number of pixels in this representation and scaling
this value to the level of magnification (see Methods for details). Fig 2 shows two representative
images of spermatocytes, one from each cross, and their progression through the image analysis algorithm.
To assess the accuracy of our algorithm, we first applied it to a set of test images. We randomly selected five F2 individuals from each of the two intercrosses and manually measured
SC length in the 284 images of spermatocytes from these individuals. These measurements
were compared to those produced by the algorithm for the same set of images. SC lengths estimated using our algorithm reliably matched those obtained by manual tracing in our test set
for spermatocytes from both crosses (overall R2 = 0.83; castCAST × muscPWD, R2 = 0.74; domGI
× domWSB, R2 = 0.81; Fig 3). We also compared the mean SC length of spermatocytes from the
same individual and found even better agreement between the algorithm and manual measurements (overall R2 = 0.97). Motivated by this high concordance, we applied the algorithm
to images of spermatocytes from: 5 castCAST, 5 muscPWD, 289 castCAST × muscPWD F2s, 4
domGI, 6 domWSB, and 229 domGI × domWSB F2s.

Fig 2. Progression of spermatocyte images through image analysis. On the left, cytological images of a pachytene
spermatocyte from a castCAST × muscPWD F2 (top) and a domGI × domWSB F2 (bottom). Chromosome spreads stained
for SYCP3 in red, MLH1 in green, and DAPI in blue. Scale bar = 10μm. The respective images after isolating,
balancing, and thresholding the red channel (middle); and their single-pixel-wide representation after applying the
skeletonize algorithm (right).
https://doi.org/10.1371/journal.pgen.1008337.g002
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Fig 3. SC lengths from automated versus manual analysis. Each point represents the SC length from a single
spermatocyte image in the test set. SC lengths of spermatocytes from domGI × domWSB F2 individuals are shown in
purple (coefficient of determination, R2 = 0.74); those from castCAST × muscPWD F2 individuals are shown in orange
(R2 = 0.81).
https://doi.org/10.1371/journal.pgen.1008337.g003

SC length variation between and within subspecies
muscPWD spermatocytes have longer SCs than castCAST spermatocytes (muscPWD mean =
174.2 μm, SE = 0.7 μm; castCAST mean = 150.4 μm, SE = 0.4 μm; t-test p < 0.05). SC length is
continuously distributed among F2s from this intercross, with a mean close to the mid-parent
value. These characteristics mirror those for the mean number of MLH1 foci in the same set of
individuals (S1 Fig and [25]).
domGI spermatocytes have longer SCs than domWSB spermatocytes (domGI mean = 139.6
μm, SE: 1.6 μm; domWSB mean = 131.8 μm, SE: 1.4 μm; t-test p < 0.05). Approximately half of
the F2s from this intercross have mean SC lengths beyond the parental means, a pattern that
resembles the distribution of MLH1 foci in the same set of individuals (S1 Fig; [63]).

Genetic determinants of SC evolution between subspecies
The continuous distributions of mean SC length among spermatocytes from individuals in
both intercrosses suggest that SC length is a complex trait controlled by multiple loci. To identify quantitative trait loci (QTL) driving evolution of the SC between and within subspecies,
we conducted genome-wide QTL scans using mean SC length as the phenotype.
We found three QTL responsible for the SC length difference between muscPWD and
castCAST on chromosomes X, 3 and 4 (Fig 4A; Table 1). muscPWD alleles at QTL on chromosomes 3 and 4 increase mean SC length in an additive manner. In contrast, the muscPWD allele
at the X-linked QTL decreases SC length, acting in opposition to the phenotypic difference
between strains. The summed additive effects of QTL on chromosomes 3 and 4 explain 29.2%
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Fig 4. LOD plots for SC length QTL. Plots show significant QTL for SC length in the (a) castCAST × muscPWD cross on chromosomes 3, 4, and X and in the (b) domGI ×
domWSB cross on chromosomes 5 and X. Dashed line shows genome-wide significance level, α = 0.05.
https://doi.org/10.1371/journal.pgen.1008337.g004

of the SC length difference between the two strains. Collectively, the three QTL explain 28.5%
of the F2 variance. This percentage is substantially less than the 74% of phenotypic variance
explained by QTL for MLH1 count in this same cross [25], though variance explained by
the SC length QTL may be underestimated as this trait is more difficult to measure (see
Discussion).
Chromosomes X, 3 and 4 had been found to harbor QTL for mean MLH1 count [25]. The
1.5-LOD intervals of QTL for SC length and MLH1 count overlap on chromosomes X and 4
Table 1. QTL for synaptonemal complex length.
castCAST × muscPWD cross
Chr.

Pos.
(cM)

LOD

Pos.
(Mb)

1.5 LOD
Interval (Mb)

% var.a

3

38.0

4.12

103.5

68.0–128.6

6.4

cCcC / cCY

cCmP

157.8 (1.4)

162.7 (0.9)

mPmP / mPY
165.7 (1.3)

4

44.0

5.10

112.3

65.8–146.5

6.7

158.5 (1.3)

162.0 (0.9)

167.6 (1.7)

X

31.9

9.51

71.7

52.9–90.7

14.6

166.1 (0.8)

—

158.3 (0.8)

domGI × domWSB cross

a

Estimated phenotypic means (SE)b

dGdG / dGY

d Gd W

dWdW / dWY

5

44.8

4.97

106.3

102.9–115.4

6.8

139.2 (0.9)

136.5 (0.6)

140.8 (0.8)

X

54.0

3.78

138.1

123.0–153.8

4.9

140.1 (0.6)

—

136.8 (0.6)

Percentage of phenotypic variance among F2s explained

b

cC−castCAST; mp−muscPWD, mpY and cCY genotypes for QTL on X
dG−domGI; dW−domWSB, dGY and dWY genotypes for QTL on X

https://doi.org/10.1371/journal.pgen.1008337.t001
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Table 2. Overlapping QTL.
castCAST × muscPWD
Phenotype

Chr.

Pos.
(cM)

LOD

Pos.
(Mb)

1.5 LOD
Interval (Mb)

% var. explained

SC/COa

4

—

—

—

—

—

MLH1 foci

4

25.0

5.07

65.0

48.5–77.0

2.8

SC length

4

44.0

5.10

112.3

65.8–146.5

6.7

SC/CO

7

8.0

6.90

30.3

13.6–47.7

13.1

MLH1 foci

7

11.0

4.77

35.8

6.5–133.9

6.7

SC lengtha

7

—

—

—

—

—

SC/CO

X

34.0

18.65

85.4

71.5–97.5

30.0

MLH1 foci

X

31.9

34.92

71.7

62.3–90.8

45.9

SC length

X

31.9

9.51

71.7

52.9–90.8

14.6

SC/CO

5

47.8

9.19

113.2

104.2–114.6

12.5

MLH1 foci

5

53.5

4.39

124.9

74.3–132.5

6.1

SC length

5

44.8

4.97

106.3

102.9–115.4

6.8

domGI × domWSB

a

No significant QTL for phenotype on this chromosome.

https://doi.org/10.1371/journal.pgen.1008337.t002

(Table 2), indicating that a single locus in each of these intervals could affect both traits. Alleles
at both of these QTL affect SC length and MLH1 count in similar ways (Fig 5A). In contrast,
allelic effects at the chromosome 3 QTL differ for SC length (alleles act additively) and MLH1
count (castCAST allele acts dominantly) (Fig 5A). This difference in phenotypic effects, along
with distinct 1.5 LOD intervals, indicates separate QTL on chromosome 3: one locus for SC
length (peak LOD = 104 Mb, [68–129 Mb]) and a second, more distal locus for MLH1 count
(peak LOD = 150 Mb, 1.5-LOD interval [133–160 Mb]).

Genetic determinants of SC evolution within subspecies
We discovered two QTL responsible for the SC length difference between domGI and domWSB
on chromosomes X and 5 (Fig 4B; Table 1). Together, these loci account for 15.2% of the phenotypic difference between strains (and explain 12.8% of the F2 variance). The 1.5-LOD interval for the QTL on chromosome 5 overlaps with a QTL for MLH1 count [63]. QTL effects
differ between traits: heterozygotes show reduced SC length compared to homozygotes,
whereas alleles act additively to shape MLH1 count (Fig 5B). The X-linked QTL for SC length
appears not to affect MLH1 count [63].
None of the QTL for SC length differences within subspecies overlaps with QTL for SC
length differences between subspecies.

Candidate genes for evolution of SC length
To identify candidate genes and mutations for SC evolution, we combined available information from spermatocyte expression data and gene ontology (GO) with the QTL intervals for
SC length. We focused on QTL that explained the difference in SC length between domGI and
domWSB because of the relatively lower sequence divergence between these strains. We found
301 candidate genes within the 1.5 LOD interval of the QTL on chromosomes X and 5; 11 of
these were compelling candidates (table in S1 Data). We filtered the initial candidate list by
looking for an association with recombination GO terms (search strings: “recomb”, “synapton”, and “meio”) and increased expression during meiosis in transcriptomic experiments

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008337 August 26, 2019
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Fig 5. Estimated QTL effects by genotype. Effects on F2 individuals estimated at the position of peak LOD on chromosomes with significant QTL for mean SC length
(top) and MLH1 foci count (bottom). Error bars show ±1 SE.(a) castCAST × muscPWD cross; cC – castCAST, mP−muscPWD SC QTL: (Chr. 3, 38.0 cM); (Chr. 4, 44.0 cM);
(Chr. X, 31.9 cM) MLH1 QTL: (Chr. 3, 66.0 cM); (Chr. 4, 25.0 cM); (Chr. X, 31.9 cM) (b) domGI × domWSB cross; dG−domGI, dW−domWSB SC QTL: (Chr. 5, 44.8 cM);
(Chr. X, 54.0 cM) MLH1 QTL: (Chr. 5, 36.9 cM).
https://doi.org/10.1371/journal.pgen.1008337.g005

[64,65]. To further refine this list, we considered only those genes with a single nucleotide
polymorphism (SNP) between domGI and domWSB that yielded either a nonsynonymous
change or a change to a known or inferred transcription factor binding site. We identified two
strong candidate genes on chromosome 5 from the whole-genome sequence comparison,
Hfm1 and Rnf212, and several candidate mutations within them (Table 3). Variants in both
candidate genes have been previously associated with variation in genome-wide recombination rate in mammals [19,26,30,66–68], and both genes are known to be involved in chromosome synapsis [69,70] (see Discussion).

Genetic relationships between SC length and crossover number
To examine genetic connections between SC length and crossover number, we compared SC
lengths to MLH1 counts obtained for the same spermatocytes [25,63]. SC length and the number of MLH1 foci are positively correlated across spermatocytes in both F2 intercrosses (Fig 6).
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Table 3. Candidate genes and mutations for the evolution of SC length within M. m. domesticus.
Gene Symbol

Chr.

Positiona

Baseb Change

AA Change

Genotype in domGI Parents

Variant Effectc

Hfm1

5

106853422

T -> C

—

C/C; C/C

Low Info TF site

Hfm1

5

106871789

T -> G

Y -> S

G/G; G/G

SIFT: 0.04

Hfm1

5

106904814

T -> C

T -> A

C/C; C/C

SIFT: 0.74

Hfm1

5

106911653

A -> G

C -> R

G/G; G/G

SIFT: 0.08

Rnf212

5

108729476

T -> C

I -> V

C/C; C/C

SIFT: 0.49

Rnf212

5

108744012

C -> T

—

T/T; T/C

Low Info TF site

Rnf212

5

108770595

C -> T

V -> I

T/T; T/C

SIFT: 0.05

a
b
c

Position in GRCm38/mm10.
Base change and amino acid (AA) change in domGI with domWSB as reference.
Predicted variant effect for nonsynonymous changes as SIFT score 0.0 (deleterious)– 1.0 (tolerated), (Kumar et al. 2009); for variants at predicted transcription factor

(TF) binding sites, variants are classified as being in high or low information regions.
https://doi.org/10.1371/journal.pgen.1008337.t003

This correlation is significantly stronger in spermatocytes from the castCAST × muscPWD cross
(Pearson’s r = 0.38, 95% CI = [0.36, 0.40]) compared to those from the domGI × domWSB cross
(r = 0.15, CI = [0.12, 0.19]). We examined the ratio of these two phenotypic values from F2
individuals in the following analyses to consider the genetic connection between SC length
and the number of crossovers. Loci that control this ratio may play a role in controlling crossover interference, the observation from a variety of species that crossovers are spaced more
regularly than expected if they occur independently [71].

Fig 6. Mean MLH1 foci count and SC length from each cross. Mean MLH1 count and SC length from the same F2
individuals. Those from the castCAST × muscPWD cross in orange (regression slope (SE): 0.13 (0.01) foci/μm) and from
the domGI × domWSB cross in purple (regression slope: 0.01 (0.01) foci/μm).
https://doi.org/10.1371/journal.pgen.1008337.g006
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Fig 7. A QTL for the SC/CO ratio in the domGI × domWSB cross. (a) LOD plot for SC/CO ratio shows a significant
QTL on chromosome 5. Dashed line shows genome-wide significance level, α = 0.05. (b) Estimated effects of the QTL
on chromosome 5 for SC/CO ratio among domGI × domWSB F2s by genotype; dG –domGI, dW−domWSB. Error bars
show ±1 SE.
https://doi.org/10.1371/journal.pgen.1008337.g007

The ratio of mean SC length to mean MLH1 count (SC/CO ratio) (S3 Fig) varies more
among F2s from the castCAST × muscPWD cross (castCAST mean: 6.5 ± 0.03 μm / focus,
muscPWD: 5.8 ± 0.04, F2s: 6.4 ± 0.52) than among F2s from the domGI × domWSB cross (domGI:
6.0 ± 0.1 μm / focus, domWSB: 6.1 ± 0.12, F2s: 6.0 ± 0.30 μm / focus). This mirrors the greater
divergence of both traits in the inter-subspecific cross. Treating the transformation of the two
trait values as an individual trait, we scanned for associated QTL in both crosses.
We identified three QTL that influence the SC/CO ratio. These loci overlap with QTL previously identified in single-trait analyses (Table 2; S4 Fig). The interval on chromosome 5 from
the domGI × domWSB cross is notable, however. The LOD score for SC/CO ratio at this locus is
substantially higher than the score for either of the two traits analyzed separately (Fig 7). Further, this QTL explains 12.5% of the variation in SC/CO ratio among domGI × domWSB F2s,
substantially more than the 6.1% and 6.8% of variation this interval explains for MLH1 count
and SC length, respectively. We interpret these results as evidence that the QTL on chromosome 5 is not only pleiotropic, but responsible for the level of covariation between the two
traits. The domGI allele at this locus dominantly reduces the SC/CO ratio among the domGI ×
domWSB F2s (Fig 7B).

Causal inference of pleiotropic QTL action
To further characterize pleiotropic QTL and identify steps of the recombination pathway they
modulate, we performed mediation analysis [72–75]. This approach assesses whether the relationship between two variables exists because of the indirect effect of a third, mediating variable. For example, a genetic interval associated with the number of MLH1 foci may actually be
mediated by this interval’s effect on SC length; accounting for the effect of this mediator would
reduce or wholly abolish the interval’s association with the number of MLH1 foci.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008337 August 26, 2019
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We tested two models of mediation for each putatively pleiotropic locus—one for each trait
acting as a mediator of the other. Mediation was evaluated for each QTL by comparing four
regression models of QTL effects on the two traits.
Model 1
QTL ! SC length
YSC = β0 + βSCXQTL + ε
Model 2
QTL ! CO count
YCO = β0 + βCOXQTL + ε
Model 3
QTL ! CO count ! SC length
YSC = β0 + β0 SCXQTL + αCOXCO + ε
Model 4
QTL ! SC length ! CO count
YCO = β0 + β0 COXQTL + αSCXSC + ε
In this regression framework, β0 represents the intercept for each model, ε represents the
error term, βSC and βCO are the regression coefficients for the QTL in an unmediated model,
β0 SC and β0 CO are the coefficients for the QTL in a mediated model, and αSC and αCO are the
coefficients for each trait when acting as a mediator for the other trait.
We found significant evidence for mediation effects (p < 0.01) at QTL on chromosomes 4
and X in the castCAST × muscPWD cross (Table 4). Both models of mediation are supported at
these loci. The effects of QTL on SC length are significantly mediated by their effects on the
number of MLH1 foci, and likewise, the effects of QTL on MLH1 count are significantly mediated by their effects on SC length. We estimated the proportion of QTL effects explained by
the mediating variable for each of the two models as
fSC ¼ ðbSC

b0SC Þ=bSC

fXO ¼ ðbCO

b0CO Þ=bCO

For the QTL on the X chromosome, mediation is much stronger in the model where the
QTL effect on SC length is mediated by its effect on the number of MLH1 foci (fSC =
Table 4. Regression coefficients and mediation at pleiotropic loci.
Analytica

castCAST × muscPWD
βSC

Locus
(Chr : Pos)
4 : 44.0cM

3.73

d

4 : 25.0cM

X : 31.9cM
d

X : 33.0cM

3.06
-3.67
-3.38

βCO

αSC

0.48

7.2×10−3

0.48

−3

-1.74

4.2×10

−3

7.2×10

αCO
1.46
1.81
1.46

β0 SC
2.96
1.96
-1.08

β0 CO
0.24
0.37
-1.48

tSC
2.32
2.73
-4.92

tCO
3.33
2.63
-4.18

fSCc
0.21
0.36
0.70

fCOc
0.50
0.23
0.15

pSC

Empiricalb

pCO
8.7×10−4

0.021
0.006

0.009
−7

8.7×10

−5

pSC
<1×10−3

<1×10−3

−3

<1×10−3

−3

<1×10−3

−3

<1×10
−5

2.9×10

−3

pCO

<1×10

-1.65

−3

4.2×10

1.81

-0.36

-1.50

-4.17

-3.22

0.89

0.10

3.1×10

1.3×10

<1×10

<1×10−3

-0.31

1.8×10−3

1.21

1.17

-0.32

-1.99

1.15

-0.46

-0.03

0.047

0.249

0.04

0.08

-0.34

−4

0.80

0.35

-0.34

-1.25

0.13

-3.38

0.06

0.210

0.896

0.19

0.92

domGI × domWSB
5 : 44.8cM
d

5 : 36.9cM

0.80
0.08

9.5×10

a

p values calculated with two-tailed test using standard normal distribution as the null.

b

p values calculated by permuting mediating variable among individuals (see Methods).
Proportion of effects mediated only meaningful for loci that show significant evidence of mediation.

c
d

Coefficients calculated at peak LOD of QTL for MLH1 foci. Coefficients for loci without footnotes calculated at peak LOD of QTL for SC length.

Estimates use a multiple-QTL model for the respective trait (see Methods).
https://doi.org/10.1371/journal.pgen.1008337.t004
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0.70 ± 0.28, fCO = 0.15 ± 0.09). In contrast, the proportion of effects mediated at the QTL on
chromosome 4 is more similar between the two models (fSC = 0.21 ± 0.31, fCO = 0.50 ± 0.44).
We performed analyses on the sensitivity of these findings to differences in measurement
error—which can reduce the strength of evidence for mediation—by adding Gaussian noise to
the observations. Evidence for mediation and the estimated proportions of effects mediated
were found to be negligibly affected by differences in measurement error between the two
traits (see Materials and Methods and S1 Methods for details).

Discussion
We report here the first loci known to be involved in the evolution of SC length, establishing a
genetic basis for natural variation in this fundamental meiotic structure. Distinct genomic
regions are responsible for evolutionary differences in SC length between and within subspecies of house mice. Several of these loci also control the genome-wide number of crossovers;
this pleiotropy partially explains the correlation between SC length and recombination rate
widely observed in cytological studies. More broadly, our results demonstrate the power of
genetically dissecting natural variation in multiple aspects of the meiotic program to understand differences in recombination rate that exist among organisms.
Our findings point to genetic mechanisms involved in the evolution of SC structure and
recombination rate. We took advantage of knowledge of recombination pathways and low levels
of sequence variation within M. m. domesticus to nominate strong candidate genes for evolution
of the SC. Two genes seem especially worthy of consideration in the chromosome 5 interval
that affects SC length, crossover number, and the SC/CO ratio. Hfm1 (also known as Mer3) is a
DNA helicase required for the completion of chromosome synapsis and crossover formation in
mouse; Hfm1 knockout mice produce an SC that fails to assemble along the full length of the
chromosome axis [69]. Nonsynonymous variants in Hfm1 have been associated with inter-individual differences in genome-wide recombination rate in cattle and humans [66,68].
Rnf212 is another strong candidate gene for the chromosome 5 QTL. Rnf212 is a SUMO
ubiquitin ligase that selectively localizes to a subset of recombination sites along the central
region of the SC, coupling synapsis to formation of crossover-specific protein complexes [70].
Rnf212 stabilizes crossover precursors and helps determine whether each recombination site
becomes a crossover [70,76]. Variants at Rnf212 also contribute to inter-individual differences
in genome-wide recombination rate in red deer [77], Soay sheep [30], cattle [26,66], and
humans [19,22,78,79]. Two amino acid substitutions in Hfm1 and one in Rnf212 are predicted
to have strongly deleterious fitness effects, suggesting they should be prioritized for further
evaluation. The strength of support for these candidate genes, along with the highly specific
nature of the phenotypes (SC length and crossover number), should motivate functional testing using genome editing or other approaches.
Joint consideration of SC length and crossover number provided additional clues about the
genetic connections between these phenotypes. Models of the relationship between these two
traits have concentrated on the order of molecular events surrounding synapsis and recombination [80–82]. We took two approaches to investigating the covariation of SC length and
crossover number, focusing on their disparity within and between subspecies. Our first
approach treated the ratio of SC length to the number of crossovers as its own trait. Inter-individual differences in this ratio have previously been documented in human spermatocytes
[83]. Could upstream control of this ratio be modulating differences in both traits simultaneously? We discovered a locus with such an effect in the domGI × domWSB cross. As expected,
loci with a large effect on the SC/CO ratio also affect each trait individually. However, one of
the QTL for this ratio (on chromosome 5) had a substantially increased signal—higher LOD,

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008337 August 26, 2019

12 / 24

Genetics of synaptonemal complex variation

narrower confidence interval, and greater percentage of variance explained—relative to its
effect on any single phenotype. These results suggest that the SC/CO ratio is closer to the
mechanism of this QTL’s action for both phenotypes. We conclude that SC length and crossover number are causally linked, in part by the action of this locus.
Changes in the length of the SC reflect differences in chromatin packing during meiosis
[48–50]. Our observation that the number of crossovers per unit of SC length differs between
and within subspecies therefore indicates that the relative spacing of crossovers has evolved in
house mice, a species in which crossover interference is strong [84,85]. To our knowledge, the
QTL on chromosome 5 is only the second locus suggested to contribute to standing variation
in interference (see [31]). The SC has been shown to play a critical role in establishing proper
interference [86,87]. A recent model of the SC as a liquid crystal suggests the SC is a conduit
for partitioning crossovers by transmitting an interference signal across the chromosome [88].
Our second approach to investigating covariation of SC length and crossover number was
to perform mediation analysis on loci that appeared pleiotropic. This approach yielded strong
evidence for pleiotropy at QTL on chromosomes 4 and X in the muscPWD × castCAST cross. The
direction of effects at these loci (longer SC and more crossovers), and their concordance with
the overall correlation between the traits, suggests their participation in a singular underlying
mechanism. However, the relative magnitude of mediation effects at these two loci indicates
that they likely contribute to different elements in the pathway leading to crossover formation.
The coordinated variation of SC length, crossover number, and DSBs (along with other molecular intermediaries of recombination) in comparative studies across mammals [57] and mouse
strains [89] has been used to suggest that variation in recombination rate is established at the
earliest stages of meiosis. Because MLH1 is recruited to crossovers after the SC is completely
assembled, the stronger mediation of SC length by crossover number at the X-linked QTL is
consistent with an effect on an early decision, perhaps by participating in the crossover/noncrossover decision before synapsis [90,91]. In contrast, the direction of mediation at the QTL on
chromosome 4 is consistent with a later action. Stronger mediation of crossover count by SC
length at this locus suggests an effect on crossover formation subsequent to the completion of
SC assembly, a potential subset of crossovers marked by MLH1 foci [18,92]. Our results indicate
that, despite the covariation of these two meiotic phenotypes, natural variation in recombination
rates appears to be established at multiple stages in the recombination pathway, at least in mice.
We found that the X chromosome explained variation in SC length both within and
between subspecies. No other chromosome had significant QTL from both crosses. Previous
studies identified an important role for the X chromosome in the evolution of recombination
rate between subspecies of house mice [23,25,28,93]. Our findings extend the contributions of
the X chromosome to the evolution of a second meiotic trait connected to recombination: the
SC. One theory for the disproportionate role of the X chromosome in recombination rate variation focuses on the possibility of antagonistic sexual conflict [94–96]. If different optima for
recombination rates exist between males and females, the X chromosome may accumulate rate
modifiers in an evolutionary arms race. Male and female mice also show contrasting patterns
of divergence in recombination rate, consistent with such a hypothesis [25,97].
Comparing QTL locations among the two crosses also provides clues about the timescale of
SC length evolution and the origins of the causative mutations. The absence of co-localizing
QTL between the two crosses is somewhat surprising given the relatively recent divergence of
the mouse subspecies [58,98]. We expect some of the genetic variation responsible for differences in SC length should be from alleles that arose before subspecies divergence but that have
remained polymorphic within subspecies. A comparison between mapping experiments, as in
the crosses presented here, should reveal these ancestrally polymorphic alleles as shared, colocalizing QTL. While our experiments lacked the power to identify more than a handful of SC
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length QTL, that none were shared may hint at their rapid or recent accumulation. If mutations responsible for SC length divergence are sorted in the lineages we considered, it would
imply that they arose during the last few hundred thousand generations (i.e., in the time since
the subspecies diverged). Genetic mapping experiments with other strains of house mice
would help to pinpoint the temporal origins of the QTL alleles we discovered.
Our conclusions are tempered by a few limitations of our experimental design. The SC is a
spatially and temporally dynamic structure [99–101], for which our measurements of length
are an incomplete summary. SC length was harder to estimate than crossover count, which
complicated joint genetic analysis of the two traits (though our sensitivity analysis suggests
robustness of mediation inferences). Since MLH1 foci only mark those crossovers produced
by the interference-dependent pathway (the vast majority in mice [18,102]), the connection
between SC length and non-interfering crossovers was not accessible with our experimental
approach. Because our estimates of SC length were summed across all chromosomes, we could
not determine whether each QTL affects multiple chromosomes (in trans) or only its own
chromosomal region (in cis). Nevertheless, we can be certain that the pleiotropic QTL on the
X chromosome acts in trans since our crossover measurements were restricted to autosomes
in male meiotic cells. Meiosis and recombination in females may operate differently. While
QTL mapping is a powerful approach to identify loci responsible for variation, its resolution is
limited by the number of recombinant offspring and analyses tend to overestimate the effect
size of significant loci [103–105]. Higher mapping resolution could reveal that some of our
apparently pleiotropic QTL are instead composed of multiple, closely linked loci.
This first genetic portrait of natural variation in SC length raises key questions about the
evolution of this fundamental meiotic trait. How is SC length related to fitness? Does natural
selection target SC length through its effects on meiotic chromatin organization, recombination rate, or some other trait? Does divergence of SC length constrain or accelerate recombination rate divergence? Our findings should motivate incorporation of SC length into
comparative studies of recombination rate evolution as well as genetic dissections of shifts in
the underlying pathways.

Materials and methods
Ethics statement
All animal care and experimental protocols were approved by the University of Wisconsin
Animal Care and Use Committee (Protocol #M005388, #V005209). Laboratory mice were
euthanized by trained personnel via CO2 inhalation.

Crosses
Data presented in this study was gathered using images of spermatocytes from F2 males from
two separate intercrosses. In the muscPWD × castCAST cross, 315 F2 males were sacrificed at
approximately 10 weeks of age; 289 were included in the final analysis. The second cross,
domGI × domWSB, included 315 F2 males sacrificed at approximately 16 weeks of age; 229 were
included in the final analysis. Additional details on cross design and animal husbandry can be
found in [25] and [106].

Tissue collection, immunostaining, and microscopy
Details on the preparation of spermatocyte spreads and immunostaining can be found in [63]
and [25]. Here, we briefly summarize the shared steps taken to arrive at stained spermatocyte
images.
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Seminiferous tubules were extracted from the testis of sacrificed males and incubated in
hypotonic buffer. The macerated tubules were then ripped apart to liberate spermatocytes. The
cellular slurry was fixed onto a glass slide with a paraformaldehyde solution and allowed to
dry. These prepared slides were incubated with primary antibodies against MLH1, a mismatch
repair protein that localizes to sites of meiotic crossover, and SYCP3, an essential structural
element spanning the synaptonemal complex. After several wash steps, the slides were then
incubated with a set of secondary antibodies tagged with fluorophores, at 488 nm and 568 nm
for MLH1 and SYCP3 respectively, and then mounted for visualization.
Slides from the muscPWD × castCAST cross were imaged on a Zeiss Axioskop microscope
with an AxioCam HRc camera. Images from this cross were stored as .tiff files with a resolution of 1030×1300 pixels and 150 pixels per inch. Slides from the domGI × domWSB cross were
imaged on a Zeiss Axioplan 2 microscope with an AxioCam HR3 camera. Images from this
cross were stored as .tiff files at either 1030×1300 or 1388×1040 at 150 pixels per inch. In both
cases, images were captured with a 100× objective lens.

Measuring SC length
All images were manually curated and only cells with a clearly condensed, full set of 20 bivalents
were included. Images of cells with obvious defects or damage from handling were omitted.
We utilized techniques from computer vision to determine the total length of the SC in
each spermatocyte from captured immunofluorescent images. We applied algorithms for
image processing and analysis as implemented in the scikit-image package for Python 3
(scikit-image.org [107]). For each image, we first isolated the red channel, which contains
information from the fluorescence of secondary antibodies against anti-SYCP3 at 568 nm. The
image gradient on the isolated channel was then taken with a 3 pixel-wide disk structuring element. This creates an image where regions of contrast, or edges, are enhanced. Otsu’s method
[108] was applied to the image gradient, a clustering technique on pixels that reduces the grayscale gradient image to a binary image. Spurious pixels were removed by applying a morphological opening operator, followed by a morphological closing, with a 4 pixel-wide square
structuring element. Finally, the cleaned binary image was reduced to a single-pixel wide
representation with the skeletonize algorithm [109] implemented in scikit-image. The total
number of pixels in this single-pixel wide representation was taken as the total SC length for a
spermatocyte.
The reliability of this technique was assessed by comparison to measurements made by
manual tracing. Performance was evaluated in a test set of 217 spermatocyte images, from 5
muscPWD × castCAST F2s and 5 domGI × domWSB F2s.

Genotyping
Mice from the muscPWD × castCAST cross were genotyped at 295 SNPs using the Sequenom
iPLEX MassARRAY system [25,110]. Of these, 222 SNPs with Mendelian segregation patterns
were retained for the QTL analysis. These markers were monomorphic for different alleles in
the parents and consistent with the expected genotypic ratio of 1:2:1 among F2s. Mice from the
domGI × domWSB cross were genotyped at 77,808 markers on the Mega Mouse Universal Genotyping Array (MegaMUGA [32,111]). Of these, 11,833 SNPs with Mendelian segregation patterns were retained for the QTL analysis.

QTL analysis
All QTL analyses were performed in R (v. 3.3.3) [112] with the R/qtl package (v. 1.40–8) [113].
Representative total SC length for each individual was calculated by taking the mean SC length
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among spermatocyte images from that individual. Individuals were represented by a median
of 18 spermatocyte images and those represented by fewer than 5 images were omitted from
the analysis. Haley-Knott regression [114] was performed on data from both crosses to identify
QTL for variation in mean SC length. Individuals were weighted by the number of spermatocyte observations, and cross direction was included as an additive covariate. Thresholds for
significance were determined by permutation, with genome-wide α = 0.05, and established
from 1000 replicates for each cross. Phenotypic means and allelic effects for QTL were estimated at the position of peak LOD with the effectplot function in R/qtl. Percent variance
explained by each QTL was estimated under a multiple-QTL model, including all significant
intervals from single-QTL scans for each respective trait, using the fitqtl function. We tested
multiple QTL models by applying a forward/backwards stepwise search algorithm with penalized LOD scores [115], implemented using the stepwise function in R/qtl. We also evaluated
models including epistasis between detected QTL in both intercrosses but did not find any evidence for additional QTL or interactions between detected QTL.

Identification of candidate genes for SC length variation
Candidate genes fell within the 1.5 LOD interval of QTL peaks identified in the domGI ×
domWSB cross. We included only genes that were associated with a GO term that included the
search strings: “recomb”, “synapton”, or “meio” [116]. We further narrowed candidates by
focusing on genes with evidence of increased expression in meiosis leading up to mid-pachytene. Temporal expression patterns were assembled from two RNA-sequencing data sets that
staged transcript abundance in mouse spermatocytes [64,65]. Candidate mutations within
genes were then identified by inspecting SNPs between domGI and domWSB. The full set of
SNPs between strains was determined by whole-genome sequencing of the domGI parents to
an average depth of 10× and comparison to the domWSB genome [117]. Further details on
sequencing and variant identification can be found in [63]. Variants 1kb upstream of the transcription start site, as annotated by the UCSC genome browser on the GRCm38/mm10 build,
were included when evaluating potential changes to transcription factor binding sites. Finally,
we used the Ensembl Variant Effect Predictor [118] to characterize the predicted fitness consequences of the mutations and included in the final list only those candidates that resulted in a
nonsynonymous change or alteration to a transcription factor binding site.

Mediation analysis
Regression coefficients for tests of mediation were calculated from the estimated effect of the
locus in question under a multiple-QTL model. All significant QTLs for a given trait were fit
in a regression with and without the mediating trait as a covariate, implemented with the fitqtl
function in R/qtl. These same QTLs were also fit in a regression of the mediating trait without
the other trait as a covariate. The full model for the regression of each trait can be expressed
generally as
X
Y ¼ b0 þ
ðba;i þ bd;i ÞXQTLi þ aXcov þ ε
i

where QTLi is the i-th QTL in the model, βa,i and βd,i are the estimated additive and dominance effects for that QTL, and Xcov is the mediating variable. At the locus of interest, these
coefficients were estimated at the position of peak LOD for each of the regression models. Our
assessment of mediation at each locus was limited to its additive effect, estimated by the coefficient βa,i, corresponding to half the difference between the trait means of the two homozygotes.
The covariate’s effects, α, are consistent within each multiple-QTL model. Because a different
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multiple-QTL model exists for each trait, with different peak LOD positions, we tested for evidence of mediation under both; the results were similar (Table 4).
We used the Sobel test to evaluate the significance of the mediation effect in each model
[72–75]. The test statistic was calculated in the two mediation models as
tSC ¼ ðaCO bCO Þ=SECO
tCO ¼ ðaSC bSC Þ=SESC
where the SE is the pooled standard error,
SE ¼

qffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 s2b þ b2 s2a

with regression coefficients, α and β, and their variances, σα2 and σβ2, for each model respectively. The standard normal distribution is typically used as the null distribution for the Sobel
test statistic, and the analytic p-values reported are two-tailed tests against this null. The normality of the test statistic was also assessed by permuting the mediating variable among individuals within each cross and recalculating the regression coefficients. This was accomplished
by resampling the value of the mediating trait without replacement, effectively shuffling the
covariate values among the F2 individuals within each cross. The regressions were then performed on the shuffled values of Xcov, producing permuted coefficients for the test statistic.
This procedure was repeated 10,000 times for each locus. These permutations showed that pvalues calculated from these empirical distributions were consistent with the analytic results,
and that the analytic test was conservative in several cases (S5 Fig; note lower kurtosis).
The reported proportions of effects mediated were estimated using coefficients from a multiple-QTL model of SC length. The ± 1 standard errors for these values were calculated by
propagating the error from estimates of the regression coefficients. We also analyzed the sensitivity of these estimates to differences in measurement error between the two traits. This was
done by adding Gaussian noise to observations from spermatocytes until the expected withinindividual coefficient of variation was identical for both traits (S6 Fig; see S1 Methods for
details). The proportion of effects mediated was recalculated in 1,000 replicates with artificial
noise. The effect of this noise on the estimates was found to be much smaller than the standard
error calculated from the regression coefficients.

Supporting information
S1 Fig. Histograms of SC length and MLH1 count from individual spermatocytes by cross.
Vertical bars, in red, indicate parental values for each cross.
F2 mean (SD) for SC length and MLH1 count, castCAST × muscPWD: 159.0 (18.7) μm, 25.2 (3.3)
foci; domGI × domWSB: 135.7 (13.4) μm, 22.6 (1.7) foci.
Parental values for SC length and MLH1 count, castCAST: 150.4 μm, 21.8 foci; muscPWD:
174.2 μm, 29.9 foci; domGI: 139.6 μm, 22.6 foci; domWSB: 131.8 μm, 22.3 foci.
(EPS)
S2 Fig. Histograms of mean SC length and MLH1 count from F2 individuals by cross. Vertical bars, in red, indicate parental values for each cross.
F2 mean (SD) for SC length and MLH1 count, castCAST × muscPWD: 159.1 (9.7) μm, 25.1 (2.6)
foci; domGI × domWSB: 135.5 (6.6) μm, 22.6 (0.8) foci.
Parental values for SC length and MLH1 count, castCAST: 150.4 μm, 21.8 foci; muscPWD:
174.2 μm, 29.9 foci; domGI: 139.6 μm, 22.6 foci; domWSB: 131.8 μm, 22.3 foci.
(EPS)
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S3 Fig. Histogram of SC/CO ratio by cross. Vertical bars, in red, indicate parental values for
each cross.
F2 mean (SD) for SC/CO ratio, castCAST × muscPWD: 6.4 (0.52) μm / focus, domGI × domWSB:
6.1 (0.12) μm / focus.
Parental values for the SC/CO ratio in castCAST: 6.5 μm / focus, muscPWD: 5.8 μm / focus,
domGI: 6.0 μm / focus, and domWSB: 6.1 μm / focus.
(EPS)
S4 Fig. LOD plot of SC-to-MLH1 ratio in the castCAST × muscPWD cross. Plot shows significant QTL on chromosomes 7 and X. Dashed line shows genome-wide significance level, α =
0.05.
(EPS)
S5 Fig. Normal quantile-quantile plots of Sobel test statistic from permutation analysis.
Test statistics calculated from regression coefficients estimated at peak LOD of each QTL for
SC length among 10,000 permutations. Several distributions appear platykurtic, but this is conservative for the analytic test of significance.
(EPS)
S6 Fig. Intraindividual variation of recombination phenotypes. Boxplots of the coefficient
of variation for MLH1 count and SC length among F2 individuals organized by cross. Individuals from the castCAST × muscPWD cross, in orange, have greater variation for both traits than
those from the domGI × domWSB cross, in purple.
(EPS)
S1 Methods. Measurement error in mediation analysis.
(PDF)
S1 Data. Archive of raw data, candidate gene tables, and source code.
(ZIP)

Acknowledgments
We thank Francisco Pelegri for generously allowing us to use his microscope. We thank Karl
Broman and April Peterson for advice.

Author Contributions
Conceptualization: Richard J. Wang, Bret A. Payseur.
Data curation: Richard J. Wang, Beth L. Dumont, Peicheng Jing.
Formal analysis: Richard J. Wang.
Investigation: Richard J. Wang.
Software: Richard J. Wang, Peicheng Jing.
Writing – original draft: Richard J. Wang, Bret A. Payseur.
Writing – review & editing: Richard J. Wang, Beth L. Dumont, Bret A. Payseur.

References
1.

Bhalla N, Dernburg AF. Prelude to a Division. Annu Rev Cell Dev Biol. 2008; 24: 397–424. https://doi.
org/10.1146/annurev.cellbio.23.090506.123245 PMID: 18597662

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008337 August 26, 2019

18 / 24

Genetics of synaptonemal complex variation

2.

Yang F, Wang PJ. The mammalian synaptonemal complex: A scaffold and beyond. Meiosis. 2009; 5:
69–80. https://doi.org/10.1159/000166620 PMID: 18948708

3.

Nagaoka SI, Hassold TJ, Hunt PA. Human aneuploidy: mechanisms and new insights into an age-old
problem. Nat Rev Genet. 2012; 13: 493–504. https://doi.org/10.1038/nrg3245 PMID: 22705668

4.

Cahoon CK, Hawley RS. Regulating the construction and demolition of the synaptonemal complex.
Nat Struct Mol Biol. 2016; 23: 369–377. https://doi.org/10.1038/nsmb.3208 PMID: 27142324

5.

Begun DJ, Aquadro CF. Levels of naturally occurring DNA polymorphism correlate with recombination
rates in D. melanogaster. Nature. 1992; 356: 519–520. https://doi.org/10.1038/356519a0 PMID:
1560824

6.

Charlesworth B, Morgan MT, Charlesworth D. The effect of deleterious mutations on neutral molecular
variation. Genetics. 1993; 134: 1289–1303. PMID: 8375663

7.

Duret L, Arndt PF. The impact of recombination on nucleotide substitutions in the human genome.
PLOS Genet. 2008; 4: e1000071. https://doi.org/10.1371/journal.pgen.1000071 PMID: 18464896

8.

Smukowski CS, Noor M a. F. Recombination rate variation in closely related species. Heredity. 2011;
107: 496–508. https://doi.org/10.1038/hdy.2011.44 PMID: 21673743

9.

Dapper AL, Payseur BA. Connecting theory and data to understand recombination rate evolution. Philos Trans R Soc Lond B Biol Sci. 2017; 372: 20160469. https://doi.org/10.1098/rstb.2016.0469 PMID:
29109228

10.

Ritz KR, Noor MAF, Singh ND. Variation in recombination rate: Adaptive or not? Trends Genet. 2017;
33: 364–374. https://doi.org/10.1016/j.tig.2017.03.003 PMID: 28359582

11.

Stapley J, Feulner PGD, Johnston SE, Santure AW, Smadja CM. Recombination: The good, the bad
and the variable. Philos Trans R Soc B Biol Sci. 2017; 372: 20160456.

12.

Haenel Q, Laurentino TG, Roesti M, Berner D. Meta-analysis of chromosome-scale crossover rate
variation in eukaryotes and its significance to evolutionary genomics. Mol Ecol. 2018; 27: 2477–2497.
https://doi.org/10.1111/mec.14699 PMID: 29676042

13.

Hassold T, Hunt P. To err (meiotically) is human: The genesis of human aneuploidy. Nat Rev Genet.
2001; 2: 280–291. https://doi.org/10.1038/35066065 PMID: 11283700

14.

Inoue K, Lupski JR. Molecular mechanisms for genomic disorders. Annu Rev Genomics Hum Genet.
2002; 3: 199–242. https://doi.org/10.1146/annurev.genom.3.032802.120023 PMID: 12142364

15.

Bolcun-Filas E, Schimenti JC. Chapter five—genetics of meiosis and recombination in mice. In: Jeon
KW, editor. International Review of Cell and Molecular Biology. Cambridge, MA: Academic Press;
2012. pp. 179–227. https://doi.org/10.1016/B978-0-12-394309-5.00005-5 PMID: 22878107

16.

de Massy B. Initiation of meiotic recombination: how and where? Conservation and specificities
among eukaryotes. Annu Rev Genet. 2013; 47: 563–599. https://doi.org/10.1146/annurev-genet110711-155423 PMID: 24050176

17.

Hunter N. Meiotic recombination: The essence of heredity. Cold Spring Harb Perspect Biol. 2015; 7:
a016618. https://doi.org/10.1101/cshperspect.a016618 PMID: 26511629

18.

Gray S, Cohen PE. Control of meiotic crossovers: From double-strand break formation to designation.
Annu Rev Genet. 2016; 50: 175–210. https://doi.org/10.1146/annurev-genet-120215-035111 PMID:
27648641

19.

Kong A, Thorleifsson G, Stefansson H, Masson G, Helgason A, Gudbjartsson DF, et al. Sequence variants in the RNF212 gene associate with genome-wide recombination rate. Science. 2008; 319: 1398–
1401. https://doi.org/10.1126/science.1152422 PMID: 18239089

20.

Kong A, Thorleifsson G, Gudbjartsson DF, Masson G, Sigurdsson A, Jonasdottir A, et al. Fine-scale
recombination rate differences between sexes, populations and individuals. Nature. 2010; 467: 1099–
1103. https://doi.org/10.1038/nature09525 PMID: 20981099

21.

Kong A, Thorleifsson G, Frigge ML, Masson G, Gudbjartsson DF, Villemoes R, et al. Common and
low-frequency variants associated with genome-wide recombination rate. Nat Genet. 2014; 46: 11–
16. https://doi.org/10.1038/ng.2833 PMID: 24270358

22.

Chowdhury R, Bois PRJ, Feingold E, Sherman SL, Cheung VG. Genetic analysis of variation in
human meiotic recombination. PLOS Genet. 2009; 5: e1000648. https://doi.org/10.1371/journal.pgen.
1000648 PMID: 19763160

23.

Murdoch B, Owen N, Shirley S, Crumb S, Broman KW, Hassold T. Multiple loci contribute to genomewide recombination levels in male mice. Mamm Genome. 2010; 21: 550–555. https://doi.org/10.1007/
s00335-010-9303-5 PMID: 21113599

24.

Parvanov ED, Petkov PM, Paigen K. Prdm9 controls activation of mammalian recombination hotspots.
Science. 2010; 327: 835–835. https://doi.org/10.1126/science.1181495 PMID: 20044538

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008337 August 26, 2019

19 / 24

Genetics of synaptonemal complex variation

25.

Dumont BL, Payseur BA. Genetic analysis of genome-scale recombination rate evolution in house
mice. PLOS Genet. 2011; 7: e1002116. https://doi.org/10.1371/journal.pgen.1002116 PMID:
21695226

26.

Sandor C, Li W, Coppieters W, Druet T, Charlier C, Georges M. Genetic variants in REC8, RNF212,
and PRDM9 influence male recombination in cattle. PLOS Genet. 2012; 8: e1002854. https://doi.org/
10.1371/journal.pgen.1002854 PMID: 22844258

27.

Ma L, O’Connell JR, VanRaden PM, Shen B, Padhi A, Sun C, et al. Cattle sex-specific recombination
and genetic control from a large pedigree analysis. PLOS Genet. 2015; 11: e1005387. https://doi.org/
10.1371/journal.pgen.1005387 PMID: 26540184

28.

Balcova M, Faltusova B, Gergelits V, Bhattacharyya T, Mihola O, Trachtulec Z, et al. Hybrid sterility
locus on chromosome X controls meiotic recombination rate in mouse. PLOS Genet. 2016; 12:
e1005906. https://doi.org/10.1371/journal.pgen.1005906 PMID: 27104744

29.

Hunter CM, Huang W, Mackay TFC, Singh ND. The genetic architecture of natural variation in recombination rate in Drosophila melanogaster. PLOS Genet. 2016; 12: e1005951. https://doi.org/10.1371/
journal.pgen.1005951 PMID: 27035832

30.

Johnston SE, Bérénos C, Slate J, Pemberton JM. Conserved genetic architecture underlying individual recombination rate variation in a wild population of Soay sheep (Ovis aries). Genetics. 2016; 203:
583–598. https://doi.org/10.1534/genetics.115.185553 PMID: 27029733

31.

Wang Z, Shen B, Jiang J, Li J, Ma L. Effect of sex, age and genetics on crossover interference in cattle.
Sci Rep. 2016; 6: 37698. https://doi.org/10.1038/srep37698 PMID: 27892966

32.

Wang RJ, Gray MM, Parmenter MD, Broman KW, Payseur BA. Recombination rate variation in mice
from an isolated island. Mol Ecol. 2017; 26: 457–470. https://doi.org/10.1111/mec.13932 PMID:
27864900

33.

Page SL, Hawley RS. The genetics and molecular biology of the synaptonemal complex. Annu Rev
Cell Dev Biol. 2004; 20: 525–558. https://doi.org/10.1146/annurev.cellbio.19.111301.155141 PMID:
15473851

34.

Fraune J, Schramm S, Alsheimer M, Benavente R. The mammalian synaptonemal complex: Protein
components, assembly and role in meiotic recombination. Exp Cell Res. 2012; 318: 1340–1346.
https://doi.org/10.1016/j.yexcr.2012.02.018 PMID: 22394509

35.

Zickler D, Moreau PJ, Huynh AD, Slezec AM. Correlation between pairing initiation sites, recombination nodules and meiotic recombination in Sordaria macrospora. Genetics. 1992; 132: 135–148.
PMID: 1398050

36.

Hunter N. Synaptonemal complexities and commonalities. Mol Cell. 2003; 12: 533–535. https://doi.
org/10.1016/S1097-2765(03)00361-7 PMID: 14527398

37.

Henderson KA, Keeney S. Synaptonemal complex formation: Where does it start? BioEssays. 2005;
27: 995–998. https://doi.org/10.1002/bies.20310 PMID: 16163735

38.

Weiner A, Zauberman N, Minsky A. Recombinational DNA repair in a cellular context: a search for the
homology search. Nat Rev Microbiol. 2009; 7: 748–755. https://doi.org/10.1038/nrmicro2206 PMID:
19756013

39.

Renkawitz J, Lademann CA, Jentsch S. Mechanisms and principles of homology search during
recombination. Nat Rev Mol Cell Biol. 2014; 15: 369–383. https://doi.org/10.1038/nrm3805 PMID:
24824069

40.

Stack SM, Anderson LK. A model for chromosome structure during the mitotic and meiotic cell cycles.
Chromosome Res. 2001; 9: 175–198. https://doi.org/10.1023/A:1016690802570 PMID: 11330393

41.

Storlazzi A, Gargano S, Ruprich-Robert G, Falque M, David M, Kleckner N, et al. Recombination Proteins Mediate Meiotic Spatial Chromosome Organization and Pairing. Cell. 2010; 141: 94–106. https://
doi.org/10.1016/j.cell.2010.02.041 PMID: 20371348

42.

Sym M, Engebrecht J, Roeder GS. ZIP1 is a synaptonemal complex protein required for meiotic chromosome synapsis. Cell. 1993; 72: 365–378. https://doi.org/10.1016/0092-8674(93)90114-6 PMID:
7916652

43.

Page SL, Hawley RS. c(3)G encodes a Drosophila synaptonemal complex protein. Genes Dev. 2001;
15: 3130–3143. https://doi.org/10.1101/gad.935001 PMID: 11731477

44.

Sanchez Moran E, Armstrong SJ, Santos JL, Franklin FC, Jones GH. Chiasma formation in Arabidopsis thaliana accession Wassileskija and in two meiotic mutants. Chromosome Res Int J Mol Supramol
Evol Asp Chromosome Biol. 2001; 9: 121–128.

45.

Higgins JD, Sanchez-Moran E, Armstrong SJ, Jones GH, Franklin FCH. The Arabidopsis synaptonemal complex protein ZYP1 is required for chromosome synapsis and normal fidelity of crossing over.
Genes Dev. 2005; 19: 2488–2500. https://doi.org/10.1101/gad.354705 PMID: 16230536

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008337 August 26, 2019

20 / 24

Genetics of synaptonemal complex variation

46.

Bolcun-Filas E, Costa Y, Speed R, Taggart M, Benavente R, Rooij DGD, et al. SYCE2 is required for
synaptonemal complex assembly, double strand break repair, and homologous recombination. J Cell
Biol. 2007; 176: 741–747. https://doi.org/10.1083/jcb.200610027 PMID: 17339376

47.
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